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Abstract: Presented here is CHAFF (CubeSat Hyperspectral Application For Farming), a design concept 
for a CubeSat-based Hyperspectral Imager (CHSI) intended to supply high quality hyperspectral image 
data cubes to the agricultural community. CHAFF has been designed holistically as a system, considering 
all design and operational characteristics of a CHSI instrument and platform together: including the re-
stricted payload mass and volume associated with CubeSats, the platform pointing stability/accuracy 
limitations, and the restricted downlink data budget. To this end, CHAFF will employ optically aided 
geometric co-registration methods, which will allow on-board construction of the hyperspectral data cube. 
This allows the use of powerful lossless data compression schemes to mitigate the downlink data budget 
limitations. In addition, a calibration methodology using a tuneable laser source at NPL, will be employed 
pre-flight to achieve rapid and accurate spectral and radiometric calibration, essential for the production 
of science-grade data sets from the proposed CubeSat constellations. A benchtop prototype has been 
constructed and a promising spectral resolution of 3nm at around 625nm has been achieved. In addition 
the auxiliary imager for the optically-aided geometric co-registration has been demonstrated. 
1. INTRODUCTION  
A hyperspectral image is a digital image in which each pixel has spectral information 
from that section of the scene recorded in many narrow, contiguous bands; the image is 
contained within a 3D “data cube”, with two spatial dimensions and a spectral dimen-
sion [1].  
1.1 Agriculture 
Multispectral imaging has already seen great success in the field of agriculture, via crop 
monitoring using, for example, the Normalised Difference Vegetation Index (NDVI) to 
obtain a general overview of crop health or weed identification [2, 3]. However, hyper-
spectral imaging, due to its increased number of spectral bands, can allow for far more 
sophisticated crop analysis, such as disease identification and the detection of early 
stage drought stress [3]. Generally, such applications require spectral resolutions of less 
than 5nm [3]. Hyperspectral imagers are also more versatile; for example, the NDVI can 
be tailored to suit specific crops by changing the bands used [4].  
Satellite constellations have been highlighted as a possible means by which the high 
temporal resolution observations required in the agricultural sector can be achieved [5], 
and a fleet of CubeSats are a cost-effective means by which this may be accomplished. 
While CubeSat-based spectral and hyperspectral imagers are now a reality [6, 7], the 
desired spectral resolution for precision agriculture remains a technological challenge. 
1.2 Design and System Requirements 
The core aim of the project is to produce a design of a CubeSat-based Hyperspectral 
Imager (CHSI) capable of achieving the following design parameters.  
Parameter Value Notes 
Payload Size <3U Integration onto 6U CubeSat. 
Spatial Resolution <40m from 500km Across-track GSD. 
Spectral Resolution <5nm Vegetation Red-edge sampling. 
Spectral Range ~ 460-800nm  VNIR most suitable for application. 
Swath 20-30km from 500km Increase likelihood of imaging target. 
Cost ~<£10,000 Commensurate with most CubeSat budgets. 
 
In addition, the instrument must be able to deal with the operational limitations of the 
CubeSat platform, specifically the limited pointing accuracy and stability and the con-
strained downlink. The aim with the latter is to retain as much information from the data 
cube as possible without the need to downlink raw data (e.g. [7]). Finally, to ensure data 
fidelity and scientific utility, the CHSI will employ rapid and accurate calibration tech-
niques, traceable to the standards of a National Metrology Institute (NMI). 
2. BENCH-TOP PROTOTYPE 
2.1 Holistic Design 
It was decided that a pushbroom, transmission grating based system, folded in a similar 
fashion to [4], was the most suitable to meet the design requirements. However, due to 
the physical pointing instability inherent to small satellites, this leads to a problem with 
regards to co-registering the slit images to form the data cube.  
 
In response to this, an optically aided co-registration method is proposed, based on the 
SMARTSCAN technique, which uses auxiliary images taken in conjunction with the 
pushbroom 1D images [8]. By employing Fourier Transform techniques on the auxiliary 
images, the image shift vector between each frame was determined, recorded, and used 
to co-register the images on the ground [8]. A beam-splitter placed behind the fore-optic 
(as proposed in [8]) could be used to sample some of the light before it reaches the slit 
of the spectrograph, thereby producing such an auxiliary image. 
Instead of using opto-electronic components to calculate the image shift vectors [8], the 
use of Graphics Processing Units (GPUs) aboard the satellite are proposed; recent re-
search has highlighted GPUs as a means of processing images on-board small satellites, 
specifically in the context of image compression [9]. The data cube can then be con-
structed aboard the satellite. 
Building the data cube aboard the satellite allows for the use of high performance, loss-
less compression techniques, such as CCSDS-123, which exploit spatial, spectral and 
statistical redundancy in the data cube to achieve average compression ratios of 3.24 
[9]. In this way, the entire data cube could be downlinked for analysis on the ground. 
Table (1): CHAFF Design Parameters 
 
2.2 Bench-Top Prototype 
CHAFF (CubeSat Hyperspectral Application For Farming) has been constructed as a 
bench-top prototype, shown below. 
 
 
 
 
 
 
 
The approximate dimensions of the prototype are 205 x 135 x 50mm, thus making it a 
payload compatible with a 6U CubeSat. For the actual instrument, two CMOS sensors 
would be required; however, only one was available for use, and so the CMOS sensor 
was transferred to the auxiliary image position for capturing the auxiliary images Ap-
proximate cost of the commercial off-the-shelf (COTS) optical components was £3000.  
3. EXPERIMENTAL PROCEEDURE 
3.1 Spectral Calibration 
CHAFF was set up with the following parameters during the experiments.  
Parameter Value 
Slit Size 10μm 
F-Number F/4.23 
Sensor ON Semi MT9P031 CMOS Sensor 
Pixel Depth 8 bit 
Sensing Area 5.6 x 4.2 mm 
Resolution 1280 x 960 (2x bin) 
Pixel Pitch 2.2μm (~4.4μm with 2x pixel bin) 
Exposure Time 15ms 
Gain 3.5 
Gamma 1 
 
 
CHAFF was first spectrally calibrated using a monochrometer set to 1nm precision, fed 
by a Xenon Arc Lamp. Images were captured with the monochrometer set to different 
wavelengths, and the peak locations on the CMOS sensor of each signal were defined as 
the centre of these wavelength bands. These points were then plotted on a graph and a 
linear fit applied to calculate the calibration equation (Figure (6)). Note that the calibra-
tion was calculated for the centre field of the spectral image, i.e. when the pixel index, 
px = 639 (out of 1280).  
Figure (1): CHAFF bench-top proto-
type with the CMOS sensor on the 
spectral arm. 
Figure (2): CHAFF bench-top proto-
type with the CMOS sensor in the 
auxiliary image position. 
Table (2): CHAFF Experimental Parameters 
  
 
 
 
 
As can be seen in Figure (4), CHAFF exhibits extremely linear spectral characteristics. 
The slightly off result at 700nm is thought to be caused by spurious output from the 
monochrometer, which was performing at the limit of its operation at this wavelength. 
The approximate spectral range is 466-758nm, which is adequate for the measurement 
of the red-edge – i.e. the sharp reflectance transition from red to near-infrared associated 
with chlorophyll in vegetation [3]. The intended flight sensor will extend this range to 
460-800nm.  
3.2 Sodium Lamp Tests and Instrument Response Function 
In order to test the spectral resolution, CHAFF was subjected to a Sodium Lamp, which 
has a very narrow spectral feature in the form of the Sodium D lines. The spectrum was 
calibrated using the fitted line from Figure (6); no radiometric calibration has been per-
formed, hence the y axis is in digital numbers from the sensor (Figure (9)). 
An average response to the spectral line was taken by sampling the response at locations 
across the field of view. A Gaussian function was then fitted to the response and the 
full-width half-maximum (FWHM) was calculated from the peak normalized fit (Figure 
(7)). The line was discovered to be ~10 pixels wide; with a dispersion per pixel of 
0.304nm/pixel (see Figure (4)), this yields an approximate native spectral resolution of 
3nm. This spectral resolution was confirmed by measuring the bandpass, by scanning 
the monochrometer across the centre pixel channel at 625nm (Figure (6)). 
 
 
 
 
 
 
 
The Sodium D lines are clearly seen in Figure (7), and their calculated location is accu-
rate to within CHAFF’s spectral resolution [10].  
Figure (6): Measurement of the Instru-
ment Profile Function Around 625nm. 
Figure (5): Measurement of the Sodium 
D line Width in Pixels, Using a Fitted 
Gaussian Function. 
Figure (4): CHAFF Calibration
 
Figure (3): CHAFF Responses to the Monochrometer Signal 
inputs.
 
  
 
 
 
 
 
There appears to be a slight offset between the intended measured wavelength in Figure 
(6) (625nm) and the measured peak (~624nm), but this is within measurement uncer-
tainty (±1.5nm). Another possible cause is asymmetry due to coma.  
The spectral calibration from Figure (4) was calculated at the centre of the spatial field 
of view of the sensor. This allows for the use of the Sodium D line as a means to assess 
the smile property of CHAFF, i.e. the slight curvature of the spectral lines common to 
dispersive spectrometers [1]. The pixel index position of the Sodium D line was there-
fore calculated both in the centre of the field of view, and at the edge. This revealed a 
pixel shift of 6 pixels in the location of the Sodium D lines at the edge of the field of 
view, resulting in a shift of 1.8nm; this is a significant proportion of the spectral resolu-
tion (3nm), hence the smile must be well characterized for the flight model.  
3.3 Compact Fluorescent Lamp Tests and Pixel Binning 
CHAFF then recorded a spectrum from a commercial Compact Fluorescent Lamp 
(CFL); key peaks were then identified in the spectrum. 
 
 
 
 
 
 
CHAFF has been able to identify the major peaks, which are accurate to within its spec-
tral resolution [9].  For example, the green mercury line (~546nm [10]) is clearly visi-
ble, as is a spectral feature around 3nm away at 542.3nm due to one of the elements 
used in the phosphors. This also confirms the spectral resolution. 
The Gaussian fits in Figures (5) and (6) are reasonable, but not exact. This is thought to 
be caused by the asymmetry in the spectral channel, which is a product of the coma ab-
Figure (8): CFL Spectrum Recorded by CHAFF 
Figure (7): Sodium Lamp Spectrum with Calculated Peaks. 
 
erration CHAFF suffers from. Instead of using single pixel channels (Figure (8)), pixel 
binning (or summing over pixels in a given range) can be used to absorb the effects of 
the coma and achieve a much more symmetrical instrument profile (see Figures (9) and 
(10)). However, this is at the cost of reducing the spectral resolution.  
 
 
 
 
 
 
 
This drop in spectral resolution can be seen in the following CFL spectra. In Figure 
(11), at 7 pixel binning, the 542.3nm spectral feature from Figure (8) is barely resolved, 
whereas it is completely obscured at 8 binned pixels (Figure (12)). There is therefore a 
trade-off to be explored here. 
  
 
 
 
 
 
3.4 Auxiliary Images 
In order to assess the spatial optical quality of both the spectral arm and the auxiliary 
image, the CFL was used to illuminate a 1951 USAF test chart placed approximately 
1.75m from CHAFF, and a spectral image was captured. The CMOS sensor was then 
transferred to the auxiliary image position (see Figure (2)) to capture the auxiliary im-
age.  
The spatial channels of the spectral imager arm have been confirmed to function, as the 
1 line/mm section of the test chart is visible towards the right of Figure (13) (see insert). 
The auxiliary imager has also been shown to function (Figure (14)). The limit of resolu-
tion in the auxiliary image is Group 1, Element 2 on the USAF test chart; this yields a 
calculated spatial resolution, using the equation from [11], of ~2.24 lines/mm at 1.75m. 
 
Figure (12): CFL Spectrum at 8 Pixel Bin 
Size. 
Figure (11): CFL Spectrum at 7 Pixel 
Bin Size. 
Figure (9): CHAFF Instrument Profile with a 7 
Pixel Bin Size. 
Figure (10): CHAFF Instrument Profile 
with an 8 Pixel Bin Size. 
     
 
There is, however, a noticeable offset between the spectral and auxiliary images. This 
can be remedied with careful alignment and characterisation. A larger problem is the 
apparent ghosting in the auxiliary image, which is thought to be caused by dual reflec-
tions off of the front and back surface of the beam-splitter; anti-reflection coated plate 
beam-splitters will therefore be investigated. There may also be a diffraction effect due 
to the reflective coating pattern of the polka-dot beam-splitter used. 
4. CALIBRATION AND VALIDATION 
The calibration of a hyperspectral imager is usually a time consuming and meticulous 
process, due to the large number of spectral bands. For rapid calibration pre-flight, the 
use of a tuneable laser system at the United Kingdom’s National Physical Laboratory 
(NPL) is proposed (e.g. [12]); this will allow the spectral and radiometric calibration to 
be accomplished with the same source, as well as stray light characterization. 
This will also allow for the instrumental calibration to be traceable to the standards of a 
National Metrology Institute (NMI), which will increase the fidelity of the data collect-
ed by the instrument. Traceability will be maintained in-flight using vicarious calibra-
tion techniques, utilizing NMI traceable sites such as those operated by RadCalNet [13]. 
5. CONCLUSION AND FUTURE WORK 
To conclude, CHAFF has reached the bench-top prototype stage and is showing promis-
ing spectral resolution and range of 3nm (at 625nm) and 466-758nm respectively. A 
holistic system design has been proposed, including an optically aided geometric co-
registration method, and the required auxiliary imager has been shown to function. 
Future work includes improvements to the optical quality of the auxiliary image by in-
vestigating anti-reflection coated beam-splitters. The geometric co-registration method 
will then be developed and tested, in preparation for its utilization on a GPU. The opti-
cal quality of the measured spectrum will also be improved, through investigation of the 
source of the coma and ways to mitigate its effects, possibly through binning (summing) 
pixels in the spectral direction, or further refinement of the optical design. Once bench-
top testing is complete, a portable prototype will be constructed and taken to NPL for 
calibration. Investigation into the spectral, radiometric and stray light characteristics of 
CHAFF will be undertaken, and best calibration practices for a constellation of such an 
instrument will be developed.  After this, field trials can commence of the portable pro-
totype, either using a ground based vehicle, or possibly a small unmanned aerial vehicle, 
which shares similar platform limitations with CubeSats. 
Figure (13): CFL (negative) Spectral Image Rec-
orded from an Illuminated 1951 USAF Test Chart. 
Figure (14): Auxiliary Image Associated with 
Figure (13). 
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